Theoretical study of an energetic material di-1H-1,3,4-triazole derivatives  by Zhou, Hua et al.
HOSTED BY Available online at www.sciencedirect.comScienceDirect
Defence Technology 10 (2014) 384e392
www.elsevier.com/locate/dtTheoretical study of an energetic material di-1H-1,3,4-triazole derivatives
Hua ZHOU a,*, Zhong-liang MA a, Jian-long WANG a, Dong WANG b
a North University of China, Taiyuan 030051, China
b Shanxi Jiangyang Xing'an Explosive Materials Co. Ltd, Taiyuan 030051, China
Received 25 April 2014; revised 14 August 2014; accepted 15 August 2014
Available online 5 October 2014AbstractComputations by density functional theory (DFT) method are performed on a series of di-1H-1,3,4-triazole derivatives with different sub-
stituents and linkages. The heat of formation (HOF ) is predicted by the designed isodesmic reactions. The predicted results reveal that eN3 and
eN]Ne groups are effective structural units for increasing the HOF values of the di-1H-1,3,4-triazole derivatives. The HOMOeLUMO gap is
affected by the substituents and linkage groups. Detonation performance is evaluated using the KamleteJacobs approach based on the calculated
density and HOF. The results indicate that eNO2, eNF2, eNHe, eNHeNHe and eN]Ne groups are helpful for enhancing the detonation
properties of di-1H-1,3,4-triazole derivatives. The bond dissociation energy and bond order of the weakest bonds are analyzed to investigate their
stability. It is observed that the eCH2e, eCH2eCH2e and eCH]CHe groups are effective structural units for improving the stabilities of
these derivatives. Considering the detonation performance and the stability, five compounds are screened as the potential candidates for high
energy density materials.
Copyright © 2014, China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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The synthesis and theoretical study on the nitrogen-rich
compounds have received considerable interest in recent
years [1e8]. Energetic nitrogen-rich compounds are potential
candidates for high energy density materials (HEDMs) due to
their large number of NeN and NeC bonds in molecular
skeleton, which leads to high density, high positive heat of
formation, good oxygen balance, and good stability. Tri-
azoleebased energetic materials are most prominent among
the nitrogen-rich compounds which appear to be a better
compromise with high energy, performance and high stability
due to nitrogen catenation and aromaticity [9]. Among them,
1H-1,3,4-triazole is an effective structural unit.* Corresponding author.
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2214-9147/Copyright © 2014, China Ordnance Society. Production and hosting byIt is well known that properties of high energy, performance
and high stability are often improved by making structural
modifications. The formation of molecular complexes (e.g.,
die, tri, and polymers) is a conceivable way to increase the
density and thermostability and improve the material proper-
ties of propellants and explosives [10]. Therefore, as we know,
triazole connected on the N atom of heterocyclic is more prone
to substitution reaction. Hence, it is easily to synthesize the
high nitrogen compounds with better comprehensive proper-
ties. Thermodynamic calculations conducted at Los Alamos
National Laboratory identified 2,5,20,50-tetranitro-1,10-bi-
1,3,4-triazole(TNBT) as target molecule was likely to exhibit
high performance [11]. 2,5,20-triazido-1,10-azo-1,3,4-triazole
was synthesized [12], which shows that tetrazene (NeN]
NeN) can improve HOF but reduce the stability. However, the
systematic and comprehensive molecular design still lacks for
di-1H-1,3,4-triazole-based high energy density materials.
In this paper, the HOF, electronic structures, energetic
properties, and thermal stabilities of a series of di-1,3,4-Elsevier B.V. All rights reserved.
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eNF2, eN3) and different linkages (e, eCH2e, eNHe,
eCH2eCH2e,eNHeNHe, eCH]CHe, eN]Ne) were
systematically studied based on the density functional theory
(DFT) method.
2. Computational methods
The object molecules, the series of 1H-1,3,4-triazole de-
rivatives of which the molecules are numbered as (A1eA5,
B1eB5, C1eC5, D1eD5, E1eE5, F1eF5 and G1eG5), are
classified into seven groups, as shown in Fig. 1. The hybrid
DFTeB3LYP method [13,14] in combination with 6e31G (d,
p) basis set is used for structure optimization, which has been
proved [15e18] to give quite reliable energies, molecular
structures, and other properties. All quantum mechanical cal-
culations were performed with Gaussian 03 program package
[19]. The optimized structure of each molecule corresponds to
only one local energy minimum on the potential energy sur-
face without imaginary frequency.
The isodesmic reaction method is employed to calculate
HOF. Here we design an isodesmic reaction in which the
numbers of all kinds of bonds are kept constant to decrease the
calculation errors of HOF. Because of the electronic circum-
stances of reactants and products are very similar in the iso-
desmic reactions, the errors of electronic correction energies
can be counteracted, therefore, the errors of calculated HOF
can be greatly reduced [20]. In these designed reactions, the
basic structural unit of 1,3,4-triazole skeleton is kept constant,
and the complex molecules are split into sample molecules.
This method had been shown to be reliable [3,15,21e23].
The HOF of di-1H-1,3,4-triazole derivatives at 298 K was
obtained by isodesmic reactions, which is given as followsN
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eNHe, eCH2CH2e, eNHeNHe, eCH]CHe, eN]Ne.
For the isodesmic reaction, the heat of reaction DH298 at
298 K can be calculated from the following equation
DH298 K ¼ SDHf;PSDHf;R ð2Þ
where DHf,P and DHf,R are the HOFs of products and reactants
at 298 K, respectively. Since the experimental HOFs of 1H-
1,3,4-triazole, CH3NF2, CH3N3, and CH3N]NCH3 are un-
available, the additional calculations were carried out. TheHOF of CH3NF2 was calculated by the replacement reaction
CH3NH2 þ F2/ CH3NF2 þ H2 using G2 theory [17,23].The
HOF values of 1H-1,3,4-triazole, CH3N3 and CH3N]NCH3
were obtained at G2 level from the atomization reaction
CaHbOcNd/ aC(g) þ bH(g) þ cO(g) þ dN(g). The experi-
mental HOFs of reference compounds CH4, CH3NH2,
CH3NO2, CH3NHCH3, CH3CH3，CH3CH2CH3，CH3CH2
CH2CH3, CH3NHNHCH3 and CH3CH]CHCH3 are available
[24e26].
The HOFs of 1H-1,3,4-triazole-based derivatives can be
estimated when the heat of reaction DH298K is known.
Therefore, the primary thing is to calculate DH298K. DH298K
can be calculated by using the following expression
DH298 K ¼ DE298 KþDðPVÞ ¼ DE0þDZPEþDHTþDnRT
ð3Þ
where DE0 is the change in total energy between the products
and the reactants at 0 K; DZPE is the difference between the
zero-point energies(ZPE ) of the products and the reactants;
and DHT is the thermal correction from 0 to 298 K. D(PV)
equals DnRT for the reaction of ideal gas. For the isodesmic
reaction here, Dn ¼ 0, so D(PV) ¼ 0.
Since the condensed phases of most energetic compounds
are solid, the solid-phase heat of formation (DHf,solid) is
required in order to calculate the detonation properties. Ac-
cording to Hess's law of constant heat summation [27], the
gas-phase heat of formation (DHf,gas) and heat of sublimation
(DHsub) can be used to evaluate the solid-phase heat of
formation
DHf;solid ¼ DHf;gas DHsub ð4Þ
Politzer et al. [28e30] pointed out that the heat of subli-
mation of energetic compounds correlates well with the mo-lecular surface area and the electrostatic interaction index
ns2tot. The empirical expression for this approach is shown
below
DHsub ¼ aA2þ b

ns2tot
0:5þ c ð5Þ
where A is the surface area of the 0.001 electrons/bohr3 iso-
surface of the electronic density of the molecule; n describes
the degree of balance between positive and negative potentials
on the isosurface; and s2tot is a measure of the variability of the
electrostatic potential on the molecular surface. The co-
efficients a, b, and c were determined by Rice et al.:
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Fig. 1. Molecular frameworks of di-1H-1,3,4-triazole derivatives.
386 H. ZHOU et al. / Defence Technology 10 (2014) 384e392a ¼ 2.670  104 kcal mol1A4, b ¼ 1.650 kcal mol1, and
c ¼ 2.966 kcal mol1 [31]. The descriptors A, n, and s2tot were
calculated using the computational procedures described by
Felipe et al. [32]. This approach has been demonstrated to be a
reliable way to predict the heats of sublimation of many en-
ergetic compounds [31e33].
The empirical KamleteJacobs equations [34,35] were
employed to estimate the values of D and P for high energy
density materials. The equations are as follows
D¼ 1:01

NM
1=2
Q1=2
1=2
ð1þ 1:30rÞ ð6Þ
P¼ 1:558r2NM1=2Q1=2 ð7Þ
where D is the detonation velocity (km/s); P is the detonation
pressure (GPa); N is the moles of detonation gas per gram of
explosive;M is the average molecular weight of these gases; Q
is the heat of detonation (Cal/g); and r is the density of ex-
plosives (g/cm3). For known explosives, Q and r can be
measured experimentally; thus, D and P can be calculated
according to Eqs. (6) and (7). However, for some compounds,
Q and r cannot be estimated from experimental measure-
ments. Therefore, Q and r need first to be calculated to esti-
mate D and P.
The heat of detonation Q was estimated by the HOF dif-
ference between the products and explosives according to the
principle of exothermic reactions, i.e., all the N atoms are
combined into N2, F atoms form HF with H atoms, or arecombined into F2 without H atoms, and oxygen atoms form
H2O before CO2. If the content of O is not sufficient to satisfy
full oxidation of H and C atoms, the remaining H atoms will
convert into H2, and C atoms will exist as solid-state C. In the
KamleteJacobs equations, the detonation products are
assumed to be CO2 (or C),H2O (or H2 or HF or F2), and N2, so
the energy released in the decomposition reaction is maxi-
mized. The corresponding D and P values can be estimated
using the values of density and Q. The theoretical molecular
density used in this work was slightly greater than the practical
loaded density. Therefore, according to the KamleteJacobs
equations, the values of D and P can be regarded as their upper
limits.
For each di-1H-1,3,4-triazole derivative, the theoretical
density was obtained from the molecular weight divided by the
average molecular volume. The volume is defined as that in-
side the density contour of 0.001 electrons/bohr3, which was
estimated using Monte Carlo integration. We performed 100
single-point calculations for each optimized structure to get
the average volume at B3LYP/6-31G(d,p) level. The crystal
density can be improved by introducing the interaction index
ns2tot [36]:
r¼ a

M
Vð0:001Þ

þ bns2totþ g ð8Þ
where M is the molecular mass (g/mol); and V (0.001) is the
volume of the 0.001 electrons/bohr3 contour of electronic
Table 1
Calculated total energies (E0), zero-point energies (ZPE ), thermal corrections
(HT), relative errors (%) and heats of formation (HOFs) for the reference
compounds.
Compound E0
a ZPEa HT
a HOFb HOFc Relative
error
1H-1,3,4-triazole 242.2451 0.0591 12.03 218.94
CH4 40.5240 0.0441 10.03 74.60 77.41 3.77
CH3CH3 79.8387 0.0734 11.75 84.00 85.47 1.75
CH3CH2CH3 119.1554 0.1016 14.64 103.80 105.42 1.56
CH3NHCH3 135.1740 0.0908 14.22 18.50 19.08 3.13
CH3CH2CH2CH3 158.4719 0.1296 18.04 125.60 126.12 0.41
CH3NHNHCH3 190.4899 0.1076 17.43 92.20 92.38 0.19
CH3HC]CHCH3 157.2386 0.1060 17.18 11.40 11.21 1.67
CH3N]NCH3 189.2833 0.0828/ 16.26 152.61
CH3NH2 95.8637 0.0629 11.51 22.5 22.66 0.71
CH3NO2 245.0134 0.0490 14.07 80.80 84.29 4.32
CH3NF2 294.2099 0.0462 13.84 114.78
CH3N3 204.0972 0.0494 14.43 296.50
a E0 and ZPE are in a.u.; HT and HOF are in kJ/mol.
b The experimental HOFs were taken from Refs. [24e26].
c The values were calculated at the G2 level from the atomization reaction or
the replacement reaction.
387H. ZHOU et al. / Defence Technology 10 (2014) 384e392density of the molecule (cm3/molecular). The coefficients a,
b, and g are 0.9183, 0.0028, and 0.0443, respectively [36].
The HOMOeLUMO gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied mo-
lecular orbital (LUMO) can be correlated with the sensitivity
of the molecules [37]. The HOMOeLUMO gap of di-1H-
1,3,4-triazole derivatives was predicted using DFT at B3LYP/
6-31G(d,p) level.
The bond strength can be estimated by bond dissociation
energy, which is fundamental to understand the chemical
processes [38]. The energy required for bond homolysis at
298 K and 1 atm corresponds to the enthalpy of reaction A-
B(g)dA(g) þ B(g), which is the bond dissociation enthalpy of
the molecule A-B by definition [39]. For many organic mol-
ecules, the terms “bond dissociation energy” and “bond
dissociation enthalpy” often appear interchangeably in the
Ref. [40].
Thus, at 0 K, the homolytic bond dissociation energy can be
given in terms of
BDE0ðABÞ ¼ E0ðA$Þ þE0ðB$Þ E0ðABÞ ð9Þ
The bond dissociation energy (BDE ) with zero-point en-
ergy (ZPE ) correction can be calculated by the following
equation
BDEðABÞZPE ¼ BDE0

ABþDZPE ð10Þ
where DZPE is the difference between the ZPEs of the
products and the reactants without basis set superposition error
(BSSE).
3. Results and discussion3.1. Heat of formationHere we investigated the effects of different substituents
and linkages on the heats of formation of di-1H-1,3,4-triazole
derivatives. Table 1 lists the total energy, ZPE, thermal
correction and relative error for 13 reference compounds in the
isodesmic reactions. The experimental HOFs of CH4,
CH3NH2, CH3NO2, CH3CH3, CH3NHCH3, CH3CH2CH3,
CH3(CH2)2CH3, CH3(NH)2CH3, CH3CH]CHCH3 and
CH3N]NCH3 were taken from Refs. [24e26]. To validate the
reliability of our algorithm, the HOF values of these com-
pounds were calculated at G2 level from the atomization re-
action. The results show that the HOF values were in
accordance with the experimental values. The largest relative
error for these compounds is 4.32%. Therefore the HOF
values from the G2 level are expected to be reliable in this
work.
Table 2 summarizes the total energy, ZPE, thermal
correction, and HOF for the di-1H-1,3,4-triazole derivatives.
All the derivatives exhibited high positive HOF. It is clear that,
when eN3 and eNO2 were attached to the parent compound,
the HOF values increased compared with the unsubstituted
case, whereas the opposite was true for the substituents eNH2
and eNF2. In addition, it is worth noticing that eN3 groupextremely enhances the HOF value compared with parent di-
1H-1,3,4-triazole. These observations indicate that eN3 group
plays an essential role in increasing the HOF values of di-1H-
1,3,4-triazole derivatives.
Fig. 2 shows a comparison of the HOF values of di-1H-
1,3,4-triazole derivatives with different linkages. The HOF
values of the structures having eNHe linkage (C series),
eNHeNHe linkage (E series) and eN]Ne linkage (G se-
ries) were higher than those of the directly linked di-1H-1,3,4-
triazoles (A series) with the same substituents. But when the
linkages were eCH2e(B series), eCH2eCH2e(D series) or
eCH]CHe(F series), the situations were opposite. And the
order of HOF value of the structures possessing linkage groups
can be given as eN]Ne > eNHeNHe > eNHe >
e > eCH]CHe > eCH2e > eCH2eCH2e. We noticed that
the di-1H-1,3,4-triazole with the conjugated linkage eN]Ne
and eCH]CHe had higher HOF values than the corre-
sponding ones with the unconjugated linkage eNHeNHe and
eCH2eCH2e. The reason for this situation may be that the
two 1H-1,3,4-triazoles and the conjugated linkage forms a big
conjugated system. Di-1H-1,3,4-triazoles linked by the azo
linkage (eN]Ne) had the largest HOF values among the
derivatives with the same substituents. This indicates that azo
(eN]Ne) is an effective linkage for increasing the HOF
values of di-1H-1,3,4-triazole derivatives. The HOF value of
G5 (di-1H-1,3,4-triazole with linkage group of eN]Ne and
substituent of eN3) is the largest one among these derivatives,
which is in agreement with the analysis result.3.2. Electronic structureThe HOMOeLUMO gap is correlated with the sensitivity
of material within the limitations of DFT [42]. In general, the
smaller the HOMOeLUMO gap is, the easier the electron
transition is, and the larger the sensitivity is. Table 3 lists the
Table 2
Calculated total energies (E0), zero-point energies (ZPE ), thermal corrections (HT), molecular properties, heats of sublimation (DHsub), and heats of formation
(DHf,gas, DHf,solid) for di-1H-1,3,4-triazole derivatives.
Compd E0 ZPE HT DHf,gas A nstot
2 DHsub DHf,solid
A1 483.2382 0.0974 21.38 605.97 160.42 55.53 22.13 583.84
A2 704.6958 0.1666 34.98 542.63 204.61 83.65 29.24 513.40
A3 1301.1340 0.1057 49.21 724.59 254.43 16.79 27.01 697.58
A4 1497.9256 0.0926 52.61 574.85 243.52 30.43 27.90 546.95
A5 1137.5838 0.1099 50.35 1939.79 294.68 32.75 35.59 1904.20
B1 522.5909 0.1271 24.90 494.51 179.14 83.25 26.59 467.93
B2 744.0556 0.1972 36.93 413.58 217.29 87.89 31.04 382.55
B3 1340.5053 0.1364 50.96 565.31 263.77 24.19 29.66 535.66
B4 1537.2946 0.1229 55.62 421.49 257.58 54.13 32.82 388.68
B5 1176.9443 0.1398 53.35 1807.96 304.00 46.93 38.95 1769.02
C1 538.5612 0.1146 24.29 702.72 174.08 84.36 26.21 676.51
C2 760.0221 0.1837 37.99 631.03 215.31 87.21 30.75 600.28
C3 1356.4646 0.1232 50.73 800.94 260.7 21.51 28.77 772.18
C4 1553.2546 0.1099 55.60 656.29 254.78 48.08 31.74 624.56
C5 1192.9074 0.1269 53.29 2034.54 300.83 48.95 38.67 1995.88
D1 561.9116 0.1557 28.62 462.54 200.75 72.48 27.77 434.78
D2 783.3631 0.2247 42.61 415.27 242.96 78.53 33.35 381.92
D3 1379.8452 0.1274 51.33 542.49 265.37 26.54 30.74 511.75
D4 1576.6261 0.1516 59.53 361.54 278.51 56.36 36.06 325.48
D5 1216.2673 0.1686 57.09 1770.33 330.59 44.12 43.11 1727.23
E1 593.8885 0.1317 27.15 793.94 187.31 94.39 28.36 765.58
E2 815.3506 0.2004 41.33 718.57 227.99 95.86 33.00 685.58
E3 1411.8040 0.1402 54.21 860.98 275.93 30.87 32.46 828.53
E4 1608.5913 0.1269 58.65 722.59 268.3 55.82 34.51 688.08
E5 1248.2394 0.1441 56.09 2113.75 316.16 53.92 41.77 2071.99
F1 560.6781 0.1315 27.38 576.26 192.61 67.13 26.39 549.87
F2 782.1267 0.1999 42.26 536.21 241.43 82.98 33.56 502.65
F3 1378.5816 0.1400 54.71 674.86 292.68 25.11 34.11 640.76
F4 1575.3822 0.1273 58.12 502.32 283.54 46.11 35.64 466.69
F5 1215.0312 0.1444 55.79 1891.12 321.39 30.56 39.67 1851.46
G1 592.6876 0.1069 26.02 829.91 184.48 42.84 22.85 807.05
G2 814.1424 0.1750 40.99 772.74 233.61 78.11 32.12 740.62
G3 1410.5614 0.1143 54.32 1004.41 282.7 16.8 31.07 973.35
G4 1607.3671 0.1015 57.76 818.29 277.02 40.08 33.90 784.40
G5 1247.0216 0.1186 55.35 2192.43 318.13 31.05 39.18 2153.26
Note: E0 and ZPE are in a.u.; HT and HOF are in kJ/mol. The scaling factor is 0.98 for ZPE and 0.96 for HT. [41].
388 H. ZHOU et al. / Defence Technology 10 (2014) 384e392highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energies and the en-
ergy gaps (DELUMOeHOMO) for the di-1H-1,3,4-triazole de-
rivatives. It is found that the HOMOeLUMO gaps of allFig. 2. Comparison of HOFs of di-1H-1,3,4-triazoles with different sub-
stituents and linkages.substituted derivatives are smaller than those of the corre-
sponding unsubstituted di-1H-1,3,4-triazoles. It is interesting
to note that HOMOeLUMO gaps are in the order of
eH > eNH2 > eNF2 > eN3 > eNO2 except for G series.
While the order is eH > eNF2 > eNO2 > eN3 > eNH2 in G
series, the substituents have the effect on the HOMOeLUMO
gaps of various series. The order was found to be
e > eCH2eCH2e > eCH2 > eNH > eNHeNHe >
eCH]CHe > eN]Ne by comparing the derivatives with
the same substituents and different bridges. Among these de-
rivatives, A1 had the largest HOMOeLUMO gap, whereas G5
had the smallest one. Since the molecule with smaller
HOMOeLUMO gap was expected to have a higher reactivity
and a lower stability in the chemical or photochemical pro-
cesses with electron transfer or leap [43,44], it might be
inferred that the eN]Ne bridged di-1H-1,3,4-triazole had
the highest reactivity among these bridged derivatives.3.3. Energetic propertiesDetonation velocity (D), detonation pressure (P) and heat
of detonation (Q) are important performance parameters for an
Table 3
Calculated HOMO and LUMO energies (a.u.) and energy gaps DE(LUMOeHOMO) of di-1H-1,3,4-triazole derivatives.
EHOMO ELUMO DE(LUMOeHOMO) EHOMO ELUMO DE(LUMOeHOMO)
A1 0.28044 0.02346 0.25698 D4 0.30177 0.08908 0.21269
A2 0.21546 0.01578 0.23124 D5 0.24178 0.06818 0.1736
A3 0.34661 0.17429 0.17232 E1 0.26336 0.01963 0.24373
A4 0.31582 0.09994 0.21588 E2 0.20848 0.0101 0.21858
A5 0.25249 0.07329 0.1792 E3 0.32364 0.16173 0.16191
B1 0.27055 0.02287 0.24768 E4 0.30576 0.09288 0.21288
B2 0.21362 0.01504 0.22866 E5 0.24114 0.07598 0.16516
B3 0.33529 0.16401 0.17128 F1 0.26399 0.0698 0.19419
B4 0.30984 0.09547 0.21437 F2 0.22015 0.03405 0.1861
B5 0.24333 0.07026 0.17307 F3 0.3219 0.1582 0.1637
C1 0.26909 0.02667 0.24242 F4 0.3033 0.11519 0.18811
C2 0.22044 0.01282 0.23326 F5 0.24524 0.08111 0.16413
C3 0.3322 0.16288 0.16932 G1 0.28379 0.1218 0.16199
C4 0.31169 0.09992 0.21177 G2 0.21757 0.09204 0.12553
C5 0.24646 0.07479 0.17167 G3 0.34161 0.18738 0.15423
D1 0.26618 0.01374 0.25244 G4 0.3109 0.15505 0.15585
D2 0.21875 0.02222 0.24097 G5 0.25019 0.11862 0.13157
D3 0.32886 0.15704 0.17182
389H. ZHOU et al. / Defence Technology 10 (2014) 384e392energetic material. The KamleteJacobs equations show that
the density r is a key factor to influence D and P [45]. Thus r
is an important physical property for all energetic materials.
Table 4 lists the calculated r, Q, D, P and oxygen balance
(OB) of the di-1H-1,3,4-triazole derivatives. For a comparison,
the experimental detonation properties of 1,3,5-trinitro-1,3,5-
triazinane (RDX) and 1,3,5,7-tetranitro-1,3,5-tetrazocane
(HMX) are also listed in Table 4.
The density values of all the substituted di-1H-1,3,4-
triazole are larger than those of unsubstituted molecules. The
eNF2 group increases the density of the di-1H-1,3,4-triazole
derivatives compared with other substituents. To improve the
density, the order can be given as eNF2 > eNO2 >
eN3 > eNH2. When the linkages are eCH2eCH2e (D series)
and eCH]CHe (F series), the density values of the di-1H-
1,3,4-triazole derivatives are smaller than those of the directly
linked di-1H-1,3,4-triazoles with the same substituents. When
the linkages are eCH2e (B series), eNHe (C series),
eNHeNHe (E series) and eN]Ne (G series), the density of
di-1H-1,3,4-triazole with eN3 or without substituent is higher
than that of the corresponding directly linked di-1H-1,3,4-
triazole. This indicates that the effects of the linkages
eCH2e, eNHe, eNHeNHe and eN]Ne on the density
values were coupled to those of the substituents. Specially, the
eNHe linkage with eNF2 substituent (C4) has the largest r
values among all of the derivatives.
The calculated heat of detonation in Table 4 shows that the
substituents eNO2, eNF2, and eN3 increase the heat of
detonation compared with that of the corresponding unsub-
stitued di-1H-1,3,4-triazoles, whereas the opposite is true for
eNH2. The different linkage groups also have different effects
on the detonation heats of the di-1H-1,3,4-triazole derivatives.
On the whole, eN]Ne is an effective group for enhancing
the detonation heats of di-1H-1,3,4-triazole derivatives.
When the substituent is eNH2, the density values of de-
rivatives increase but the heat of formation decrease, so D and
P values of A2, F2 and G2 are larger than those of theirunsubstituted homolog ineNH2 derivatives. When eNO2,
eNF2 and eN3 are attached to di-1H-1,3,4-triazole, they can
increase both density and heat of formation, leading to larger
D and P values of all the substituted derivatives compared with
their unsubstituted homolog.
It is also found that D and P values of eNHe,
eNHeNHe, and eN]Ne derivatives are higher than those
of the directly linked di-1H-1,3,4-triazoles with the same
substituents. But eCH2e, eCH2eCH2e and eCH]CHe
linkage groups are unhelpful in increasing the detonation
properties of the di-1H-1,3,4-triazole derivatives. Based on the
above analyses, it can be concluded that eNO2, eNF2,
eNHe, eNHeNHe and eN]Ne groups are the effective
structural units to enhance the detonation properties of di-1H-
1,3,4-triazole derivatives.
Fig. 3 shows the calculated D and P values of the di-1H-
1,3,4-triazole derivatives together with commonly used ex-
plosives RDX and HMX. It is found A3, A4, B4, C3, C4, D4,
E3, E4, F4, G3 and G4 exhibit better detonation performances
(D and P) compared with HMX, which is one of the most
widely used energetic ingredients of various high-performance
explosives and propellant formulations. Although it was re-
ported that A3 (TNBT) and G5 have been successfully syn-
thesized [46,47], some of their detonation properties have still
undetermined yet. In addition, the syntheses of other energetic
compounds have not yet been reported. If A4, B4, C3, C4, D4,
E3, E4, F4, G3 and G4 could be synthesized, they would have
higher detonation performance. Thus, we should make further
investigations on this kind of compounds in the future.3.4. StabilityThe bond dissociation energy (BDE ) provides useful in-
formation for understanding the stability of a molecule.
Generally speaking, the lower the bond dissociation energy is,
the weaker the bond would be, which will be the trigger bond.
The sensitivity and stability of the energetic materials are
Fig. 3. Detonation velocity and pressure of di-1H-1,3,4-triazole derivatives.
Table 4
Predicted densities (r, g/cm3), heats of detonation (Q, Cal/g), detonation ve-
locities (D, km/s), detonation pressures (P, GPa), and oxygen balance (OB) for
di-1H-1,3,4-triazole derivatives.a
Compd Р Q OBb D P
A1 1.58 1026.01 117.65 6.85 19.16
A2 1.71 626.03 97.96 7.02 21.18
A3 1.93 1718.11 0 9.37 40.59
A4 2.18 1784.47 37.65 10.47 54.12
A5 1.72 1517.01 42.67 8.12 28.41
B1 1.60 745.56 138.67 6.40 16.89
B2 1.68 435.38 114.29 6.31 16.97
B3 1.88 1560.59 14.55 8.88 35.87
B4 2.17 1637.48 49.72 10.08 49.99
B5 1.74 1346.48 56.05 8.01 27.89
C1 1.65 1070.77 111.26 7.36 22.78
C2 1.71 679.94 94.79 7.28 22.77
C3 1.92 1710.39 2.42 9.39 40.69
C4 2.20 1776.50 38.31 10.58 55.45
C5 1.77 1514.33 43.18 8.42 31.10
D1 1.53 633.61 156.10 5.95 14.12
D2 1.59 407.50 128.57 5.95 14.56
D3 1.82 1511.79 27.91 8.51 32.37
D4 2.09 1563.42 60.87 9.59 44.37
D5 1.67 1258.56 68.29 7.67 24.87
E1 1.70 1102.25 106.02 7.77 25.89
E2 1.74 725.02 92.04 7.56 24.79
E3 1.94 1690.73 4.62 9.47 41.54
E4 2.15 1760.07 38.92 10.43 53.34
E5 1.75 1500.62 43.64 8.47 31.32
F1 1.55 811.23 148.15 6.16 15.33
F2 1.65 541.14 122.52 6.41 17.27
F3 1.85 1579.28 23.39 8.63 33.54
F4 2.11 1634.74 56.83 9.74 46.05
F5 1.68 1357.36 63.80 7.67 25.03
G1 1.58 1176.13 97.56 7.23 21.29
G2 1.71 790.22 85.71 7.47 23.95
G3 1.88 1769.86 0 9.31 39.44
G4 2.19 1802.91 34.78 10.56 55.13
G5 1.73 1568.99 39.02 8.29 29.78
RDX 1.78 (1.82c) 1590.72 21.61 8.87 (8.75c) 34.67 (34.00c)
HMX 1.88 (1.91c) 1633.87 21.61 9.28 (9.10c) 39.19 (39.00c)
a The average volumes were obtained from 100 single-point calculations
performed at the B3LYP/6-31 G(d,p) level.
b Oxygen balance (%) for CaHbOcNd:1600  (ce2aeb/2)/MW, where MW
denotes the molecular weight of the title compounds.
c Experimental values are taken from Ref. [45].
390 H. ZHOU et al. / Defence Technology 10 (2014) 384e392directly relevant to the bond strength, which is commonly
measured by bond dissociation energy (BDE ). Therefore,
based on the Mulliken bond order values, we selected rela-
tively weak bond in the same molecule to calculate BDE, and
then screened out the trigger bond based on BDE values. Table
5 lists the bond dissociation energy (BDE ) and the Mulliken
bond order (BO) of relatively weaker bonds of di-1H-1,3,4-
triazole derivatives. It is found that some bonds have higher
BDE but lower bond order in a same molecular, for example,
B3, B4, C3 and C4. Thus, the stability of the di-1H-1,3,4-
triazole derivatives should not be judged only by the bond
order criterion, but also based on BDE.
From Table 5 it can be known that the BDE value of the
linkage bond is smaller than those of other bonds in the same
molecule except for B3, D3, D4, F3 and F4. It may be inferredthat the linkage bond may be the weakest one and the breakage
of linkage is possible in thermal decomposition, and the BDE
values are affected by both substituent and linkage group. It is
found by comparing the derivatives with the same substituents
and different linkages that eCH2e, eCH2eCH2e and
eCH]CHe linkage groups can increase the BDE values
substantially. For the same linkage group but different sun-
stituent, all the substituent groups are attached to the parent
compounds, their BDE values decrease, and the order can be
given as eH > eNO2 e NF2 > eN3 > eNH2.
Fig. 4 shows BDE of the weakest bonds of the di-1H-1,3,4-
triazole derivatives along with RDX and HMX. It is easily
noticed that theBDE value of theweakest bond in the derivatives
is higher than that ofHMXwhen the linkage groups areeCH2e,
eCH2eCH2e and eCH]CHe. As it is well known, a good
nitrogen-rich HEDM candidate not only has excellent detona-
tion properties but also exist stably. A3, B4, D4, E3 and F4
possess better detonation performances (D andP) and stabilities
(BDE ) compared with HMX. Therefore, these five compounds
could be considered as potential candidates for HEDM with
enhanced performance and reduced sensitivity.
4. Conclusions
In this paper, the DFT-B3LYP method was used to study
the heat of formation (HOF ), electronic structure, energetic
properties, and stability of a series of di-1H-1,3,4-triazole
derivatives with different linkages and substituents. The re-
sults show that eN3 and eN]Ne groups play a very
important role in increasing the HOFs of di-1H-1,3,4-triazole
derivatives. A1 has the largest HOMOeLUMO gap, whereas
G5 has the smallest one. The effects of substituents on the
HOMOeLUMO gap combine with those linkage groups.
The calculated detonation velocities and detonation pres-
sures of the di-1H-1,3,4-triazole derivatives indicate that
eNO2, eNF2, eNHe, eNHeNHe and eN]Ne groups are
the effective structural units for enhancing the detonation
properties. An analysis of the bond dissociation energy (BDE )
Fig. 4. Bond dissociation energies of the weakest bonds for di-1H-1,3,4-
triazole derivatives.
Table 5
Bond dissociation energies (BDE, kJ/mol) and Mulliken bond orders of the relatively weak bonds in di-1H-1,3,4-triazole derivatives.
CeNH2/CeNO2/CeNF2/CeN3 Linkage CeN/NeN/CeC NeF/NeN2
BO BDE BO BDE BO BDE
A1 0.0337 228.92
A2 0.2916 449.01 0.0335 40.53
A3 0.1145 251.09 0.0665 191.27
A4 0.1362 273.33 0.0608 107.91 0.0988 204.55
A5 0.2996 372.46 0.0393 63. 96 0.3170 562.41
B1 0.2372 298.68
B2 0.3239 450.30 0.2449 198.08
B3 0.1334 244.51 0.1973 290.15
B4 0.1175 274.84 0.2239 255.50 0.1060 203.84
B5 0.2695 368.79 0.2351 226.69 0.3083 561.87
C1 0.1611 173.94
C2 0.3302 437.11 0.1729 49.73
C3 0.1437 247.13 0.1504 163.24
C4 0.1311 270.21 0.1566 120.05 0.1064 205.67
C5 0.2885 364.55 0.1697 89.37 0.2887 563.41
D1 0.2242 332.52
D2 0.3196 452.74 0.2351 201.51
D3 0.1436 254.32 0.2187 318.74
D4 0.1321 283.64 0.2093 308.71 0.1074 206.72
D5 0.2751 372.22 0.2260 254.51 0.3061 564.32
E1 0.1705 185.87
E2 0.3110 454.13 0.1641 75.78
E3 0.1258 257.78 0.1701 192.29
E4 0.1331 283.31 0.1759 152.31 0.0712 204.38
E5 0.2938 373.99 0.1807 115.43 0.2898 562.54
F1 0.2513 394.18
F2 0.3206 451.24 0.2377 257.63
F3 0.1289 253.86 0.2487 379.54
F4 0.1335 276.35 0.2284 352.81 0.1086 203.46
F5 0.2712 371.89 0.2384 321.72 0.2837 563.74
G1 0.0928 172.70
G2 0.3215 443.17 0.0958 45.11
G3 0.1296 241.52 0.1254 154.82
G4 0.1416 269.63 0.0785 94.98 0.1071 205.77
G5 0.2758 362.87 0.0769 69.44 0.2503 561.88
RDX 0.1672 172.62
HMX 0.1701 182.31
391H. ZHOU et al. / Defence Technology 10 (2014) 384e392for several relatively weak bonds suggests that eCH2,
eCH2eCH2e, and eCH]CHe groups are the effective
structural units for improving the stability of di-1H-1,3,4-
triazole derivatives.A3, B4, D4, E3 and F4 were screened as
potential candidates for HEDM with enhanced performance
and reduced sensitivity.
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